Type 1 diabetes is considered to be a T-cell-mediated autoimmune disease in which insulin-producing ␤-cells are destroyed. Immunity to insulin has been suggested to be one of the primary autoimmune mechanisms leading to islet cell destruction. We have previously shown that the first immunization to insulin occurs by exposure to bovine insulin (BI) in cow's milk (CM) formula. In this study, we analyzed the development of insulinspecific T-cell responses by proliferation test, emergence of insulin-binding antibodies by enzyme immunoassay, and insulin autoantibodies by radioimmunoassay in relation to CM exposure and family history of type 1 diabetes in infants with a first-degree relative with type 1 diabetes and increased genetic risk for the disease. The infants were randomized to receive either an adapted CM-based formula or a hydrolyzed casein (HC)-based formula after breast-feeding for the first 6-8 months of life. At the age of 3 months, both cellular and humoral responses to BI were higher in infants exposed to CM formula than in infants fully breast-fed (P = 0.015 and P = 0.007). IgG antibodies to BI were higher in infants who received CM formula than in infants who received HC formula at 3 months of age (P = 0.01), but no difference in T-cell responses was seen between the groups. T-cell responses to BI at 9 months of age (P = 0.05) and to human insulin at 12 (P = 0.014) and 24 months of age (P = 0.009) as well as IgG antibodies to BI at 24 months of age (P = 0.05) were lower in children with a diabetic mother than in children with a diabetic father or a sibling, suggesting possible tolerization to insulin by maternal insulin therapy. The priming of insulin-specific humoral and T-cell immunity occurs in early infancy by dietary insulin, and this phenomenon is influenced by maternal type 1 diabetes.
T ype 1 diabetes is considered to be an autoimmune disease in which T-cells destroy the insulin-producing ␤-cells (1) . Among autoantigens implicated as playing a role in type 1 diabetes, insulin is the only known ␤-cell-specific antigen. Insulin-specific T-cell clones isolated from the pancreas are capable of transferring diabetes in an animal model (2) . Insulin autoantibodies (IAA) are commonly found in patients with newly diagnosed type 1 diabetes (3, 4) , and they are predictors of the disease when combined with other islet cell antibodies (5) . IAA levels have been reported to correlate with the rate of progression to type 1 diabetes (6) . IAA are in particular present in affected children diagnosed at a young age (4, 7) , and in a birth cohort study, IAA appeared most frequently as the first antibody in offspring of diabetic parents (8) . Based on these observations, immunization to insulin may be the primary event in the process leading to type 1 diabetes.
Insulin-binding antibodies measured by a solid-phase enzyme immunoassay (EIA) are frequently detected in healthy children and differ from IAA measured by the liquid phase-based radioimmunoassay (RIA) method in their affinity to insulin (9) . Detection of insulin-binding antibodies by EIA can be used for detection of immunization to insulin, although they are not as closely associated with type 1 diabetes as IAA detected by RIA (10) . We have previously shown that exposure to cow's milk (CM) formula elicits antibody formation to insulin in some children (10, 11) . Because a disturbance in oral tolerance has been implicated in patients with type 1 diabetes (12) , the effect of oral insulin exposure in high-risk infants is of interest. The main emphasis of the present study was to analyze the development of T-cell immunity to insulin in the second pilot of the Trial to Reduce IDDM in the Genetically at Risk (TRIGR), in which infants with a first-degree relative with type 1 diabetes and increased genetic risk for the disease were randomized to receive either an adapted CM-based formula or an extensively hydrolyzed casein (HC)-based formula after breast-feeding until the age of 6-8 months. The emergence of cellular immunity to insulin was measured by proliferation test in a group of 56 children, and the development of insulin-binding antibodies was measured by EIA and RIA in 119 children in relation to CM exposure and family history of type 1 diabetes. Antibodies to ␤-lactoglobulin (BLG) were analyzed by EIA to determine compliance.
RESEARCH DESIGN AND METHODS

Subjects.
Infants with a first-degree relative (mother, father, or sibling) with type 1 diabetes were invited to the second pilot of TRIGR between 1995 and 1997, but only individuals at increased genetic risk (HLA-DQB1*02/*0302, *0302/x, or *02/y genotypes, where x stands for alleles other than *02, *0602, or *0603, and y stands for alleles other than *0302, *0602, or *0603) entered the study. Consecutively recruited children (n = 63) outside the Helsinki area were studied for humoral immunity to insulin only. In addition, 56 children from the Helsinki area were studied for both insulin-specific T-cell reactivity and humoral immunity. Insulin was added to the T-cell analysis only from the beginning of 1996. Infants were randomized to receive either an adapted CMbased formula (Enfamil; Mead Johnson, Evansville, IN) supplemented with 20% Nutramigen to make the two study formulas similar in taste and smell (CM group) or an extensively HC-based formula with molecular weights of <1.2 kDa (Nutramigen; Mead Johnson; HC group) after breast-feeding until the age of 6-8 months, depending on when the formula was started. According to the protocol, all infants were supposed to receive the formula for a minimum of 2 months. Breast-feeding was encouraged, and the mothers were asked to add the formula to their infant's diet at 6 months of age at the latest. During the intervention period, mothers were advised to eliminate all infant food products containing CM or beef from their infant's diet, but the diet of the lactating mothers was not modified.
There was a difference between the two randomization groups in the age of introduction of the study formula, with a mean of 1.9 months in the CM group (n = 58) and 3.0 months in the HC group (n = 61) (P = 0.03, Mann-Whitney U test). No difference was recorded in duration of total breast-feeding between the groups (7.6 vs. 8.3 months, P = 0.53). Duration of study formula feeding was 4.8 and 3.6 months in the two groups, respectively (P = 0.01). Deviations from this protocol also occurred. In this series, 14 children (12%) were not exposed to the study formula at all (5 in the CM group and 9 in the HC group), and they were included in the breast-fed (BF) group up to 6 months of age and excluded thereafter. Two infants (one in the CM group and the other in the HC group) who dropped out early (before the 3-month visit and before the 6-month visit) and whose feeding practices were unknown were excluded from the analysis. Four children were diagnosed with CM allergy at 3.4, 4.5, 6.7, and 12 months of age; the first child was fully BF until the diagnosis, the second child received HC formula, the third child received the CM study formula after 6 months of age, and the last child received ordinary CM at 10.5 months of age and no formula at all. The two infants diagnosed with CM allergy during the dietary intervention period were excluded from the analysis after the diagnosis because of the change in diet. Infants (n = 6) of mothers with type 1 diabetes and high levels of antibodies to bovine insulin (BI) and human insulin (HI) in the cord blood (≥2 times the median optical density [OD] in the BF group at 3 months of age) were excluded from the analysis at 3 and 6 months of age because of the transplacental transfer of insulin antibodies. Three infants with high initial levels of antibodies to BLG in cord blood and decreasing levels thereafter up to 3-6 months of age were excluded from the analysis of this variable at 3 and 6 months of age. The studies were approved by the ethics committees of all participating hospitals. Proliferation assay of peripheral blood mononuclear cells. Peripheral blood mononuclear cells (PBMCs) were isolated from fresh heparinized blood by Ficoll-Hypaque (Amersham Pharmacia Biotech, Uppsala, Sweden) density gradient centrifugation. The PBMCs were suspended in RPMI-1640 containing 5% pooled human AB + serum (Finnish Red Cross Blood Transfusion Service, Helsinki, Finland) and 2 mmol/l L-glutamine. They were cultured at 1 ϫ 10 5 cells (200 µl) per well in quadruplicates on a U-bottomed microwell plate (Nunc, Røskilde, Denmark) with 100 µg/ml BI or HI (Sigma, St. Louis, MO), 8 µg/ml tetanus toxoid (TT) (National Public Health Institute, Helsinki, Finland), or 10 µg/ml tuberculin purified protein derivative (PPD) (Statens Serum Institut, Copenhagen, Denmark). After incubation for 5 days, 1 µCi tritiated thymidine (Amersham Life Science, Little Chalfont, Buckinghamshire, U.K.) was added, and the cultures were harvested 16 h later for thymidine incorporation measurement. Proliferation response was expressed as stimulation index (SI) = median counts per minute in the presence of antigen/median counts per minute without the antigen, and as ⌬ counts per minute = median counts per minute without an antigen subtracted from median counts per minute in the presence of an antigen. The samples were analyzed blindly and in sequential order, with samples of different individuals and different time points included in the same assay.
EIA for IgG antibodies to BI and HI. Polystyrene plates (Combiplate Enhanced Binding; Labsystems, Helsinki, Finland) were coated with 1 µg/well BI or HI (Sigma); 1% human serum albumin in phosphate-buffered saline (PBS) was used for residual coating, and 0.05% Tween-20 in PBS was used as a washing buffer. The samples were diluted 1:20 in PBS containing 0.2% human serum albumin and 0.05% Tween. Alkaline phosphatase-conjugated rabbit anti-human IgG antibodies (Jackson ImmunoResearch, West Grove, PA) were used as the secondary antibody, and P-nitrophenyl phosphate (Sigma) was used as a substrate. Absorbance was measured by an optical reader at 405 nm, and the results were expressed as OD units. The samples were run blindly, with each child's sequential samples on the same plate. As quality control, a pool of five known positive and negative samples was run on each plate. The mean intra-assay variation of the method was 12%, and the interassay variation was 20%. Inhibition assays were performed in serum samples taken at 6 months of age. A total of 200 µl/ml BI was incubated with the serum sample for 2 h at room temperature before analysis of the sample in the EIA for antibodies to BI. The same serum sample without the inhibitor treated in a similar manner was always run on the same plate. The IAA radioligand assay. The IAA radioligand assay was performed with a micro-assay as previously described (13). The cutoff limit for IAA positivity was set at the 99th percentile (≥1.56 relative units) in 373 nondiabetic Finnish infants and children. Antibodies to BLG. Antibodies to BLG were measured by EIA as previously described (14) . The levels of antibodies were expressed as percentages of the standard with a very high titer of BLG antibodies. HLA typing. HLA-DQB1 typing was performed by a technique developed for screening type 1 diabetes susceptibility based on the presence of HLA-DQB1 alleles associated with a significant risk for (HLA-DQB1*0302 and *02) or with protection against (HLA-DQB1*0301, *0602, and *0603) this disease (15) . Statistical analysis. Differences between the groups were analyzed by the Kruskal-Wallis H test or by the Mann-Whitney U test with Bonferonni correction for multiple comparisons. Differences during the follow-up within a specific group were evaluated by the Wilcoxon's signed-rank test. Correlations between different parameters were calculated by the Spearman correlation test.
RESULTS
T-cell responses to insulin and CM exposure. At 3 months of age, T-cell reactivity to BI differed among the three groups (P = 0.04, Kruskal-Wallis H test), with the SI highest in the CM group (Fig. 1A ), whereas no difference in cellular responses to HI was detected among the groups ( Table 1 ). The infants in the CM group had enhanced T-cell responses to BI when compared with BF infants (P = 0.015, Mann-Whitney U test; with Bonferonni correction, P = 0.045), but no difference was observed between the infants in the CM and HC groups. Reactivity to BI decreased during the intervention period from 3 to 6 months in the CM group (median SI 2.2 vs. 1.3; P = 0.006, Wilcoxon's signed-rank test), and at 6 months of age cellular responses to insulin did not differ between the groups. At 9 months of age, when all infants had been exposed to ordinary CM formula for at least 1 month, cellular responses to insulin did not differ either. When all infants had been exposed to ordinary CM formula for at least 1 month, cellular responses to insulin did not differ between the groups at 6 months of age, during the intervention period, or at 9 months of age (Fig. 1B , Table 1 ). T-cell responses to BI and HI correlated at all ages in the CM group (data not shown). T-cell responsiveness to HI above an SI of 2 was observed in the CM group in 7 of 21 infants aged 9 months, whereas earlier, the reactivity to HI was low (at 3 months of age, 0 of 14 infants had an SI >2; at 6 months of age, 1 of 19 infants had an SI >2). At 9 months of age, the same infants with cellular responses to BI also had T-cell reactivity to HI (Fig. 2) . Reactivity to BI did not differ between defined HLA risk genotypes at any age (data not shown). No differences among the groups existed in the SIs to the control antigens tuberculin (PPD) or TT (Table 1) . Antibody production to insulin in relation to CM exposure. At 3 months of age, median levels of IgG antibod-ies to BI and HI were highest in infants exposed to CM formula when compared with infants exposed to HC or those who were fully BF (Table 2) . IgG antibodies to BI and HI correlated in all age-groups (P < 0.001; data not shown). A trend toward an inverse correlation was detected between the age of introduction of formula and the levels of IgG antibodies to BI in the CM group at 6 months of age (r = -0.28, P = 0.055) but not in the HC group (r = -0.18, P = 0.34). The levels of insulin-binding antibodies increased from 3 to 6 months of age in children exposed to CM formula before 3 months of age (median BI-IgG 0.210 vs. 0.253, P = 0.001, Wilcoxon's signed-rank test) but did not increase in children who started the same formula between 3 and 6 months of age (0.183 vs. 0.199, P = 0.36). In the HC group, no significant changes were detected during this period (data not shown). In this series, four children converted to positivity for IAA (Fig. 3 ), three were in the CM group, and one did not receive the CM study formula at all but was exposed to ordinary CM formula at the age of 7 months after the intervention period (Fig. 3B) . In inhibition experiments, soluble BI (200 µg/ml) inhibited the binding of IgG antibodies to solid-phase BI at 6 months most efficiently in the CM group. The median percentages of inhibition were 34, 19, and 19% in the CM, HC, and BF groups, respectively (P = 0.003, Kruskal-Wallis H test; CM vs. HC, P = 0.01/P = 0.03, Mann-Whitney U test/Bonferonni correction; CM vs. BF, P = 0.003/P = 0.009). Relationship between cellular and humoral immune responses to insulin. T-cell responses and IgG antibodies to BI correlated in the CM group at 6 (r = 0.47, P = 0.05) and 24 (r = 0.72, P = 0.02) months of age but not at other time points (data not shown). No correlation was detected in the HC group at any age (data not shown). The effect of maternal type 1 diabetes on immunization to dietary insulin. Cellular immune responses to BI at 9 and 24 months of age and to HI at 9, 12, and 24 months of age were lower in children with a diabetic mother than in children with a diabetic father or a sibling in the CM group (median SI to BI 1.1 vs. 2.3, P = 0.05, and SI to HI 1.3 vs. 2.5, P = 0.06 at 9 months; median SI to HI 1.2 vs. 1.7, P = 0.014 at 12 months; median SI to BI 1.3 vs. 1.9, P = 0.081, and SI to HI 1.1 vs. 1.5, P = 0.009 at 24 months of age, Mann Whitney U test) (Fig. 4) . The effect of maternal type 1 diabetes on cellular immunization to dietary insulin was not observed at other time points (data not shown). Antibody responses to insulin were compared between children with a diabetic mother and children with a diabetic father or a sibling only from 9 months of age on, from which time maternal antibodies are no longer detectable in infant serum (16) . IgG antibodies to BI at 24 months were lower in offspring of diabetic mothers than in children with a diabetic father or a sibling in the CM group (median 0.275 vs. 0.483; P = 0.05, Mann-Whitney U test) (Fig. 5) . No significant differences were observed at other time points (data not shown). The levels of insulin-binding antibodies in children at 9, 12, 18, or 24 months of age did not correlate with maternal IAA levels in samples taken at delivery (data not shown). Relation of BLG antibodies to CM exposure and to insulin-binding antibodies. Infants exposed to CM formula had the highest levels of BLG-IgG at 3 and 6 months of age, but elevated levels of IgG antibodies to BLG were also detected in some cases in the BF group at 6 months of age (Fig. 6) . IgG antibodies to BI correlated with IgG antibodies to BLG at 6 months of age in the BF group (r = 0.65, P = 0.001) but not in the other groups. Median levels of IgG antibodies to BLG were 77.8, <10, and <10% at 3 months of age (P = 0.0001, Kruskal-Wallis H test) and 57.5, <10, and 20.4% at 6 months of age (P = 0.0001) in the CM, HC, and BF groups, respectively, and 68.7 vs. 38.8% at 9 months of age (P = 0.02, Mann-Whitney U test), 80.6 vs. 63.0% at 12 months of age (P = 0.45), 39.8 vs. 44.1% at 18 months of age (P = 0.61), and 58.6 vs. 58.6% at 24 months of age (P = 0.57) in the CM and HC groups, respectively.
DISCUSSION
We observed that oral exposure to BI in the CM formula induced insulin-specific T-cell and antibody responses in infants at increased risk for type 1 diabetes. This finding is in accordance with our previous observations on the induction of insulin-binding antibodies by early CM feeding (10, 11) and extends this phenomenon to include cellular immunity as well. The development of immune responses to dietary insulin was modified by maternal type 1 diabetes in the pres- A B ent study. Decreased risk of type 1 diabetes has been reported in children of mothers with type 1 diabetes when compared with children of fathers with type 1 diabetes (17, 18) . It has been hypothesized that this might be due to induction of immune tolerance to ␤-cell antigens presented in utero by exposure to maternal diabetes, but the immunologic mechanisms are unknown. We found that the immune responses to insulin were lower in children with a diabetic mother than in children with a nondiabetic mother. This phenomenon was observed after the age of 6 months, when maternal antibodies have been cleared from infant sera and, accordingly, the responses did not show correlation with maternal IAA levels. The decreased immune responses to insulin in offspring of diabetic mothers might be due to tolerization to insulin by maternal insulin therapy through transplacental transfer of insulin antibody complexes in utero (19) . In experimental animals, maternal antigenic stimulation during pregnancy has been shown to decrease the antibody response to the same antigen after oral or parental challenge in offspring (20) (21) (22) . In mice, maternal immunization (subcutaneously) with human ␥-globulin after delivery resulted in absorption of this antigen from colostrum and in a complete antigen-specific tolerant state in the offspring (23) . We suggest that exposure of offspring to maternal diabetes and insulin therapy results in tolerization to insulin and may decrease the risk for type 1 diabetes by this mechanism. Our finding supports the view that low doses of subcutaneous insulin may enhance insulin-specific tolerance (24, 25) . The importance of exogenous insulin as a tolerogen is further supported by the observation that the risk of type 1 diabetes in children born before maternal onset of diabetes was higher than in infants born after disease onset and who had consequently been exposed to maternal diabetes in utero and in infancy (26) . It is fascinating to speculate that the exposure to insulin due to maternal diabetes may also induce susceptibility to insulin resistance and thereby may explain the increased risk of type 2 diabetes in offspring of mothers with diabetes among Pima Indians, an issue raised by Warram et al. (26) 
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FIG. 1. T-cell responses to insulin expressed as the SI in the feeding groups during the intervention at 3 months of age (A) and after the intervention at 9 months of age (B). SI to BI (᭹) and
in 1991.
It is possible that the observed tolerization to insulin in infants with a diabetic mother might also have had an impact on our results. In the present study, the levels of insulin-binding antibodies in infants exposed to the CM formula were lower than those observed in our previous study in which 1660 DIABETES, VOL. 49, OCTOBER 2000 none of the infants included had a mother with type 1 diabetes (10) . Two other differences between the present study and our previous study may also explain the lower levels seen in this study. All infants in our previous study carried the HLA-DQB1*0302 allele, which is in linkage disequilibrium with the DR4 allele linked to high levels of IAA in diabetic patients. In the present study, infants having the DQB1*02 allele without protective alleles were also included. Because the number of children in the T-cell analyses was small, we were cautious in making any conclusions about the association between T-cell responses to insulin and HLA risk alleles. The third difference between our present and previous studies is that the majority of children in the previous study were exposed to a liquid CM formula, whereas the study formulas in the present trial were powdered. The proteins are less denaturated in liquid formulas and may thus elicit stronger immune responses. At 3 months of age, the infants exposed to the CM formula had higher T-cell responses and levels of antibodies to BI than BF infants. The induction of insulin-specific immune responses by BI is based on the difference of three amino acids between BI and HI (amino acids 8 and 10 in the Achain and amino acid 30 in the B-chain). When BI was used for treatment of type 1 diabetes, it induced insulin-binding antibodies (27) . Interspecies differences in insulin have also been reported to be important for antigenic recognition (28) and for tolerance induction (29, 30) . A one-amino acid difference in the B-chain of the insulin molecule was crucial for prevention of autoimmune diabetes in NOD mice (30) . T-cell responses and antibodies to BI occurred also in some infants who received HC formula. It is possible that some children in the HC group developed immunity to insulin peptides present in the hydrolysate (11, 31) . In this respect, prevention of early immunization to insulin is not totally avoided by the use of HC formula, although peptides can be considered less immunogenic than whole proteins. The small number of infants in the T-cell analyses may also explain the observation that no difference was seen in T-cell responses to BI between the HC and CM groups, since a difference in the levels of insulin-binding antibodies was demonstrated between the larger groups at 3 months of age. No difference was observed in cellular responses to insulin between the CM and HC groups at 6 months of age either. This result may be influenced by the decrease in T-cell responses to BI from 3 to 6 months of age in the CM group and may suggest that continuous use of the CM formula resulted in tolerization in the majority of healthy children. The occurrence of a correlation between insulin-specific T-cell and antibody responses at 6 and 24 months of age in the CM group but not in the HC group suggests that the different nature of insulin in these two formulas (whole protein vs. peptide) influences the development of insulin-specific immune responses.
IMMUNITY TO COW'S INSULIN AND MATERNAL DIABETES
We observed that some children who were fully BF at 6 months of age had insulin-binding antibodies but no detectable T-cell responsiveness to BI. The immunization to insulin by breast-feeding may be caused by small amounts of BI present in human milk (when the maternal diet contains CM) or alternatively by HI present in human milk. Antibodies to BLG also appeared in some fully BF children at 6 months of age, which supports the view that tiny amounts of BLG derived from the maternal CM-containing diet and present in human milk at low concentrations, i.e., 5-33 µg/l (32), may immunize some children (33) . The finding that responses to BLG and BI correlated in the BF group at 6 months of age provides further support for the concept that the immune responses detected may be due to the transfer of dietary antigens to breast milk. The infant who developed IAA during the followup and who already had elevated levels of insulin-binding antibodies by 6 months of age during full breast-feeding (Fig. 3B ) may be an example of immunization to low-dose antigens.
The exposure to BI in the CM formula seemed to result in immunization to insulin, which was distinguishable from that seen in the BF-and HC-fed infants at 3 months of age but not later on. However, the early exposure to the CM formula was observed in the levels of antibodies to BLG even at 9 months of age, at which time children in CM group still had higher antibody levels than children in the HC group who were exposed to ordinary CM formula only after 6 months of age. This difference in the responses to BI and BLG may be due to the modifying effect of the dose of the dietary immunogen. The insulin content in native CM varies from 1 to 10 µg/l (34) , whereas the concentration of BLG is ~1,000-fold. In a study by Björksten et al. (35) , small doses of mite antigen well below the suggested sensitization threshold level of 2 µg/g dust induced mite-specific T-cell responses in young children. This finding is in accordance with our present finding of T-cell responses to low doses of dietary BI. 
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The inhibition of insulin-binding antibodies by liquid-phase insulin showed substantial variation. The highest affinity to liquid-phase insulin appeared in antibodies induced by the CM formula. Altogether, the affinity of these dietary insulininduced antibodies seemed to be low. This result is expected in an early immune response, whereas a more mature response represented by autoimmunity to insulin is of higher affinity (36) . Although IAA are frequently seen in patients with type 1 diabetes, only low levels of peripheral T-cell reactivity to insulin have been observed in individuals at high risk of type 1 diabetes (37) and in newly diagnosed patients before treatment with exogenous insulin (38) . This observation may be explained by sequestration of insulin-specific T-cells in the pancreas, since Wegmann et al. (39) have shown that the majority of islet-infiltrating lymphocytes are insulinreactive in NOD mice, but that peripheral T-cells do not proliferate to insulin. The observation that insulin-reactive T-cell clones isolated from NOD mice were able to transfer the disease to healthy mice suggests that insulin may play a role in the autoimmune process leading to diabetes (2) . In our study, T-cell reactivity to BI had already emerged at 3 months of age in infants in the CM group; only later (by 9 months of age) was this reactivity observed to mount a cellular response to HI as well. This finding suggests that, primarily, T-cells are primed to BI and that cross-reactivity with HI develops later. Enhanced levels of antibodies to HI observed in infants in the CM group at 3 months of age are most likely due to cross-reactive BI antibodies.
Our observations raise the issue of whether oral exposure to foreign insulin plays a role in the autoimmune process leading to type 1 diabetes. In diabetes-prone animals, insulin given orally has been shown to function as a tolerogen, reducing the incidence of autoimmune diabetes (40) . Some experimental studies have shown, however, that insulin may exacerbate the disease when combined with an infectious agent (41) . Also, in a transgenic mouse model, oral administration of an antigen expressed in ␤-cells induced diabetes (42) . Age of exposure also seems important because oral administration of myelin basic protein (MBP) to neonate rats primes for immune responses and enhances experimental autoimmune encephalomyelitis (EAE), whereas oral exposure in adult rats results in disease suppression (43) . However, low-dose or repeated administration of MBP has been shown to exacerbate the clinical course of EAE, even in adult rats (44) . All these studies emphasize the dual nature of oral antigen administration: the development of tolerance versus immunity is influenced by several modifying factors such as the age of the host, dose of the antigen, and time schedule of feeding. Only a minority of children included in the present study are likely to develop type 1 diabetes, although immunization to insulin occurs in early infancy. However, it is possible that in some genetically susceptible children, a continuous, even small-dose, early exposure to BI present in CM may lead to loss of tolerance to insulin as seen in those children who developed IAA in the present study. The initiation of insulin-specific T-cells by dietary insulin in the gut immune system may carry a risk for an autoimmune process progressing ultimately to clinical type 1 diabetes. In this process, the factors that lead to the activation of insulin-primed T-cells are unknown, but they may be associated with the regulation of the gut immune system (45).
To summarize, we demonstrate here that primary cellular immunization to insulin may occur in infancy by oral exposure to BI present in CM. Generation of insulin-reactive T-cells by dietary insulin in early childhood may provide a pathogenic link between CM and diabetes. Our finding of lower insulin-specific T-cell reactivity in offspring of diabetic mothers than in children with an affected father or sibling may reflect tolerization to insulin by exposure to maternal diabetes and insulin therapy. We suggest that this immunologic mechanism may explain the decreased susceptibility to type 1 diabetes in the offspring of diabetic mothers compared with the offspring of diabetic fathers. DIABETES 
